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Abstract 


The CHANDRA X-ray observatory started ^^ife as of 1998 at the cone. 

Facility ( AXAF ) but was renamed CHANDRA i^ ^ obse rvatory. *h* ' 

o* a nationwide contes- by NA -v ro rjhvsicist S. Chandrasekar wh • — . 

honors the Nobel Prize winning astrophysi than 5Q earg , following 

astrophysics at the University of Chicagc o f< ^ R d. The observatory has been 

graduate studies at Cambridge Un*vars ty a ^ ement of the observatory 

under construction for a decade under tn C o n ter; the same office uh ac. 

Projects Office at the Marshall Space r 1 Telesccpe and t he Compton Gamma 

oversaw the construction of the H ^ & J^er of NASA ' s great observatory 

K^ieformisslins of which Hubble and Compton are members. 

The scientific purpose^ the new 

dSes bo?h high resolution Vriy telescope too nnlen tifsc 

instruments ; the AXAF CCD imaging °?o vide power, thermal «-om • . 
camera (KRC) and a spacecraft ^f^° h | ndling functions. 

pointing and attitude c°"^ol *nd a and downlinked science data iiom the 

to the observatory for mission c ° bbr ne twork. The original launch da-e o. 

observatcry are all through the J? \ problems encountered during test 

Ska val hugest 199 but due to ha -^“^Iting, launch of CHANDRA is 

and checkout, it was delayed. 

scheduled for Ju y ^ conducted at MSFC tc design 

This pater- describes the mission . “ observatory to function 

Si oKit and launch window. that weu id permit tne ^ 5 years and maybe_ 

properly within its constraints and re imp0 ssible for the orbit tha it -= 

10 years without any reservicing (which i v Qrbital transf er sequence 

in , y Th i_ s mission planning also adc^ess narking orbit to the fina. 

3- £«SST Sls^!»^^le^-s?tlcn !nd tracing coverag. 

analysis . 

Since the scientific observing ^^“rapeed radiation boivu 

electromagnetic spectrum end the V.. ,J- ln this portlc;. 

Earth can produce conside.a ^ a J c ? e nce to get the CHANDRA or» 

done, »» w .<ko 

W t^l”™ - -- 10 earth radii, . 

The launch vehicle chosen to put - ob.er vatory in its - 

£ --- t : S) 

was built into the spacecraft module to p ^ series of transfer <= rbLts ' i* a ‘i 
The final operating orbit a chie d, £ 10/0 00 km altitude ^ndanapeg ‘ 

SiJTSS^S :tS«^r r, Sl. gives an orbital period of .use 
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-cunteti 


_ . ai^-itucie above tine oO 

^ sojtir 

over long duration ^ e J n t| r deteOTlne^ the long-term ««>lutio» ° m ,' , 

inrfS 

auxiliary events such as Ea f’ t f . ld _ can cause large oscillations 

These external gravitational f l ( th . parameters must be_c >-- ; ; ■■■■ 

SSi'S.’SE fvlfes 

PS-o I ^a2.“SS observatory from then on has only 

not orbital adjust capability. limited amount of time »» 

ss ssk^«E^ 

two hours and the ® cl - L P a ® , Thus, the initial orbit n,u L exoected 10 year 

S1IE fs su&Lnss.^ — — - ‘ v " 11 

Allin radiation environment. Bung .-Kutt.- 

TU o integration methods were evaluated, -J^tln^n f emulation of 

Fehlberg method with step ^ it e Adams-Bashforth, Adi " . ,,, 

thP Nations of motion. Tl ?e secona wi a n forn , u i a tion of U.c t', 

pr edict or- cor rector method^ rn^eg^^^ m J thod was ultimately chosen^..^;.^^^^ 

si 

positions computed from analy by other codes, f^f ^'^^irior, with 

results to compare with mte ^ match exactly, a close comp ibuted 

S2f ^-SsSaSST 

SSSSfe - - - 

ZZlZTo'ZZZ the Perth were -^-^“iS^SS ^ 
t echn igue ; that of “he" «lipl.. of the Sun by ; 

surface of a right circ r by _ po int determination of th ^. , f: .. u.-. 

found by a more te ^°^ n P a g seen from the position of_the « ai-.— , v 

between the Sun and Moon as s found to occur in regul< . n i: 

about the Earth. Earth acl P wgrg random events occurring 

* Clip ”- 5 yir- nS a;d ifri'almiil always partial eclipses. 

once per yea. anu o , . tal co nr»\V-icr!5 

Ten year integrates over extended ^^^^of-per^c- C. 
revealed a limited ^ tha t would produce ^ 

SS’ hours ) --stingly 

avoid long duration Earth eel P seemed to be more or l«- s . 

enough, these ranges o value =f ° acceptable values of O determine 

ife e raUy nt lsin=!; a irn5ow“f« any given day of the year. 
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Glioses were not controlled (or avoided) by the 
The long-duration Lunar P ^ slight changes in the initial 

choice of the initial values - ca ,V sed slight period changes and thus phasing 
IhSU bitiXn^e'poiitions of the CHANDRA end of the Sun and Hoon. 

Another issue addressed was th | t ^^ e p ° an e°tiice°per 3 ’orbit and also through 
CHANDRA passes through the equ orbit. This gives the potential of 

the 12 -hour GPS orbital shell twic^ p^ regions. Poisson statistics were 

used^t^ea timate^o 11 is ion probabilities and they were found ^to^be icecap * ^ 

S-dJl^afSsiron'^onS IbS^SS SSnS iS oni-hundred million for the 
GPS satellites in ten years. 

cnee the t engineering 

const rue tion^and^ground test^and Ju?ned“over to the 

systems are functioning n ed Y at Cambridge, MA, which will then plan an 
science operating team, locaceu nvor the next 5-10 year period. It win 

execute the science observing P£ S ‘ ility with guest astronomers proposing 
be operated like any large observing ity merit g of the ir proposals as 

and executing observing s £culd be 2le to remain operational until all 

judged by their peers * . e ted at which time attitude control of the 

of its on-board hydrazine is aep-e.eu 

observatory may be lost. 

Brief History of AXAF (CHANDRA) 

i recently renamed CHANDRA in 

The Advanced X-ray Astrophysics f . y (A ; bhlmdrasekhar , was conceived in the 
honor of the late Indian astroph/^cist^S. Ghana national observatory 

late 1970 's and early 1980 s o^NASA’s Great observatory series of 

for X-ray astronomy. It was to b Tale3 cope (HST) and the Compton Gamma Ray 
missions of which the Hubble! Spa-e Jel •. ^°PJ c eptuil design) studies were 
Observatory (GRO) are member • design) studies were completed in 

completed in 1978 and Phase ® ( ^“vlded in 1988 and TRW was selected as the 
iq «5 'New Start’ funding was pr i ntec-ate the science instruments, 

contractor to build the •£=««£ .^.^n^cSnUructlon of the spacecraft 

Un f 0 g:^ssniS4J. t 5;fro.“ir«h.. fo , 

Ssr.u nt s;.=“mgSt P «ntef (5i«V which also performed the same function fo. 
both Hubble and Compton. 


both Hubble ana compuon, 

A, initially conceived, , AXAF “^o be a si ngle In 

resolution spatial imaging an f n ^° d ®wo^ smaller nissions: AXAF-I for imaging and 

r 1992 , the mission was broken into two jailer ^ d the AXAF _s mission for 

AXAF-S for spectroscopy, in IS ^^ivld. Subsequently, the AXAF-I mission 
budgetary reasons. ihe ^ LJv mission. After the spacecraft construction 
became known simply as the a*a- contest was held by NASA to rename the 
was completed in 1998, a na n thcusa nds of entries the name CHANDRA was 
spacecraft before launch. Fr °^, . Pri-e winning Indian astrophysicist S. 

chosen, in honor of the late Ncbe^Pr - University of Chicago for more 

Chandrasekhar who taught astropny su launch of the AXAF (CHANDRA) to 

SS 50 years. The °;igin»l ^un?o?seen problems which occured 

du'r ing° in tegr at ionites t U and checkout of the spacecraft, the launch was 

delayed until July 1999. 


The CHANDRA X-ray observatory 


rar-rwides the supoort structure and 

The total spacecraft system, *L and t he science instruments to 

environment necessary for the 7 | f the spacecraft module, the telescope 

function as an observatory, consi 
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w i _ /tqtv\ The XSIM contains ths. 
and the Integrated Sc ^ c J^^cc^Imagi^Spectrometer (ACIS) and the High 
science . instrument a^the AXAF ^ depicted in Figure 1. 


scieuwc /UOr , 

Resolution Camera f qraz ing incidence mirrors 

The telescope consists of four c° n F* n tric p Glaswerke of Germany and bu: M 

- — -P 

t:n , . *. f u 0 tctm at Ball Aerospace br-o) 

The science instruments were integrated in o t h^ obse rvatory. The ■pacecraf- 
fceing C shipped to TRW for integrate «« unctions . It contains ♦f.o 

module, built by TRW, consists of man/ P|J terieg , a thermal control system, 
power system with its solar pane^ de ' termi _ na tion system (PCAD) for ®*®cu 

a^^udfSeSvSrfand holdi J* an^co^rL^dSta^mlnagement 

Kt^ior 1 Storing data and downlinking da,a 

(through the JPL DSN network). . cets _ f 

reaction wheeled* semb 1 ies^ RWA ) j n ^ a ^e^^^°^slluref ^?Se & oppo s ing°RWA~ 

sktss ffws 

ssr^s; b ei ssis. 7-2 ??/ 

reaction jets powered by hydrazine. ” mission. Pointing can be h®-- 

mfnimirn 5-year mission and probacly a 10 year^miss ^ ^ line -of-sight with 

with an accuracy of direct ioi^shouid <25 arsec (ml half-cone angle ever 

SSSSS-. 1 ! the^instein^observatory ,!«. - 1531,. 

The initial weight in the final cperating orbit is approximately t 46 ^ 

If p^if S!S‘SS«i , .W5 W ey generate >&“. t 

r^uJl^e rs^iit5Sii^i« ss sss«s: 

observatory for up to 2-hours und - L e w ^ii not exceed 80% which is 

Ssdb-i &?-'£££ - llpse po ““ cequire 

cannot exceed 64 amp-hour) . _ 

. The X body axis is a.ong the 

The body coordinate system is shown in Fig ‘ of the target to be 

lone axis of the telescope pointing in the a sQiar panels and the sc.ai 

cb-rved. A. t body The z body axis is in the direction 

^Poittf ?o Se'active side of the solar panels. 

Hardware Restrictions 

"cLSt Sr^tS-wtSu 4 4 ! 5°e°, C rIe k ; .of «J. [ X 

the v “ u “ ntu tfc * sun 
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{10K to „ 140K km) arid will 6e above the ^° e “ a Jth° mdii“ twice 

UK! “mV.. t Sr2ps t stte 2 ru?“pS»i*'=i=n resides »"teUi«“o^”i“ 

ibro^i s “eiir ss rutov .sssassfss iu«= 
«; r ^t? ,r i ^* -i ;? r -m ssyj.1— 

SET Sr&. b SSS’^ .“id rocket motor 
j£/&t?.SS -d PoeeiOly the =HO u rin L o„ has left a domed 

2J-S or'^^i^*-- 

we ate c»I”sViU be 

endanger other sateiiio which ig a concern. u Th ® J p ®^ and separated from 
existing debris P ? P dlbr is as soon as they have burned out ime or mission 

considered orbita be cons idered debris u '] t ) 10 m to prevent the 

Chandra. Chandra will , , , ' n a 3 to bo followed (10,1) , i for the 

is over. NASA has issu ® d , g ^f® 1 these guidelines essentialiy < c * , mission. 

aculumlation o£ orbital debri^ ««£,«. of th . completion of 

=xs °-f i?£&& mesh. 

~Vr? 

this might be but it is J b °”J asing wit h the s « n ^ nd ”?°tinq Llo population 
launch time because ° sc ent SRM casings and the exrs g those of the 

of collision between the should be comparable to 

have not been ™ ad ®’ io u S ius missions. 

spent casings fro p s we ii as any other 

isi^r^S-Br-ssu 

estimates of the collision probil hance Qf encountering. These hould 

susts ^ 

ISLSS the^basic^mission plan to reduce the probabilities. 


Orbital Transfer Scheme 

vo its final operating 

The orbital transfer scbeme for ,ett in^the^bservatorT . payload^into a 

SSSx«>“- “ ib US ;»de 

Thl . a was about the maximum Jltitu^^^ parking oc&l n to the final propul3i(jn 

accomplished using an Inertial^Dpper^stage^nUSl^a^ C handra ijto^transfer 
orbit m and P the°IPS ^t°ttded the additional^delta ve to^a specific orbit ^ 

ssarscssr 

trim^to** specif i^orbit and^ell -neuvem.woul . ^ provtde d b y the shuttle 
whic^would^determine the allowable launch window determlnsd the 

- -stsk-ars^ ss^ws.-isst - *“ sh " ttle 
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, . t eased on the shuttle park or ^g d a 3 h gQo e s 4 conds I * * prio? to that 

perform the maneuver was designed to P r J^® ^^colst until the 

maneuver took P performance. 

to provide maxrmu v quoted elliptical 

At this point the ° bs ® rvat0 ^ Y 2 5 a h 0 u?s 1 ! h Since the IUS transfer orbit is highly 
eccentric and P the IPS i. . relatively IPS transfer plan (known as 

efficient . ^^pe-igee Pit? or LIP?) was to complete the trans* to 

Low Intermediate Pe-igee short ly thereafter a dec-sion^ ^ & 

delude 6 a°very short demonstration of ° P ?“thr s eccnd apogee of the IUS 
3 6? 7 hour coast from the IUS S ^ a “ps^ w oSld Rising to 

t b an t f 425°^ t Then 6 following ^ \ ^^^deltl velocity retired to raise 

™UV%0?£! ?? P U 0 ^fd e rLse apogee to about 97 J30 3> ^ld ^ 

apogee to 140, coa3t to the next perigee a tnira 29.1 hour coast 

TisTion lny effort mede to avoid ^ these evedt^ Tha f the.e^^ 

Ss^outd’p^vldi 90 % of P«=... -=d to 

SJSSS tSe%^iM^U 00 the finai 

„aty variatlone^on thi^orrgroal^cheme ^re^aused^y com ^ 

rffiiSy 0 thrp?S'er?raSfe)^.°»^«eiy if changes'- 

mS* 000 w. apogee add 10.000 to perigee ^ P e ! r . d 16,725 K» Perigee wa. 

^r«= ‘a - =iin°ge S 1 iere...sd f t?e S“ 

MS*:* *- - — 

12,960 pounds to 12,495. 

weight of , TPS burns occur over a 

i- %£ g Kc?iVsSr^““ 

ks uir i^sjsirLsrs ;s«r ^ s. ^r.grj.r^tS's* 

cl * DSN site. This would b. ^an be achieved bach toward 
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naoflne: 


. „„ in nno km the ter cent time above 60,000 hir- 

3g!oOO k». Ft**. XX show : .. 

slightly (U.ius u r ^,.p4. i nn in the mission measurement --- 

r.in^u^«wrss i SdiS4 *— - *»* — » >«•«* 

km. 

_ hift : na the xps burns so that they would occur in view of a OaN - ; • t; ‘ 

nini in eitheJ of two methods. Either by moving the burns away **• ■■ 

done in either of t ghift the arg ument of perigee or by rertv - 

apsides which would orbit drifted so that the apsides were in yk '- <-■ > 

““K or 5i“ 'S I «9 “Si of perigee wee undesirable e^d a. «» 

til* method was proposed there was insufficient performance ' •- 

time this method wa F t? acceotable oeriaee. Therefore the secon- < . 

b “ rn, .S=t:d l iid*I SJi.X 5SSf$ nS 2. developed. Along ,1 < I. , = »:> • 

T;"tK l S2fS*«blt, raising perigee di 

TSe 9 ™vtsld%lai U (k*»"n *» High Intermediate Perigee Plan or HIP- 
proposed by TRW. 

_ vvno ttt<; and coastina 36.6 hours to the first apogee, a 
After separation from *US and coas g e tQ lf215 km. Aft ej coasting 

short burn (IPSl) * aa aooqee a second burn (IPS2) was made to raise perigee 
25.4 hours to the n P 9 ^ after coasting 92.6 hours to the second 

to approximately 3, 500 km^ The km in a single burn (IPS?.^ Finney 

3? 0 h"?s and63.1 hours the perigee was rained to the: 
following coasts o- ITP cd , nd rpcei at the next two apogee pa- ' 

final altitude in bu * ns{1 a-oroximitJ ly 90% of the total, reserving iCH 
first of the apogee burns was approxim J transfer strategy could only 

for the final targeting maneuver^ orbiJ was achieved. A decision regarding 
be used if a nomma made following confirmation of the > TT - 

SfcSS. operational orbit lh»> — 

revised * t r a n s f e ° W p lan, the IUS transfer apogee had to exceed 72,00- kid. 

The targeted perigee w ^ k ^^ e ^ g n |o% f apoge^buS^Se m^ximSm p^rig^e lilt'*™* 
manner. Prior to the mak g £ h f s time all the other orbit parameter* 

could be achieved was determ in . and rLght ascension of the 

(apogee, inclination, argument beainning with the maximum perigee., 

ascending node) were d ‘ e termire a pei-igee that would give the best chance o. 

simulations were run to determir F 9 simulations propagated the 

avoiding a debilitating eclipse event Jhes^sin ^ onsj? If at 

Chandra orbit for 10 years, calculating table eclipse event occurred, 

any time during the 10 year ml Perlgel las incremented 
that orbit wa= re^ec- with 10 vear simulations run for each can^xdatt, 

downward from f;“"fSori perlgU“ee found. That perigee bed - n.-.v- 
perigee until a sati Y P IPS uncertainty in accuracy - . • - - • 

band J^° ve |?*ce the IPS used an open loop control system ' - ! - 

into the band. S-. chandi*a to the desired attitude and - 

control system w Ith no attitude correction 

ignited fer a _ prede be determ i ne d from tracking/telemeti y - 

resultant orbit coul That's whv the targeted perigee could ! «-m - 

conclusion of the burn. the^^last perigee burn (IPS3) the preutcxcu 

determined because until after tne iasr p«- y 
apogee had a large uncertainty. 
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Per Cent 






- — UP 
-a — HIP 


Nominal IPS Performance 
AXAF Apogee = 140,000 km 



Communications Requirements; Choosing . 

m and down# for the entirety of t^e 

« communication >.*-««<*. V? ’ 

mission (5 or 10 years) i. to' ~ throws ^ Gold stone, Madrid .no o{ 


wan 


3 c: 

, f rcra 

.i >>j r eo 

u\* cf 


nvission (5 or 10 years) at Goldstone Madrid an, 

SKS 5S‘S*.« leS -A spend is^rtflt - 

the three ground station fchat the ap0 gee of the orbit - 

a communications poin * ^his would put the obseryato-y y ii-.i’e 

in the Northern hemisphere.^ ^ time . since initially c ^;^' C; ^ unica cicn'- 

the two northern sta-i initial argument-of-perigee, • < perigee to 

other reason for choosing the initial y initial argument -us. P rr ^ TJS 

requirement was .u«ict.« achieved by proper - 

be at or near 270°. 

burn. , _ 

« i . _ Liuuchi Window 

Free Variable . . * • ^ au 

seme 0 insight^ into ho„ to choose .. 
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Problem Formulation 

. over considered before by 

This -bit is 

ilujSSi o?ft S .Vitb «Z m*" 

pointing retirement.) f°’ to th e Moon and orbits thrs^t ravi .tatio 
is nearly 40% °f th bed considerably by the lun Earth, Missis 

the Earth will be Sri .o than by the oblateness of ^io^s, most of wl,. 

fields, in fact, muc previously for near Ea re ouired long term 

S !r.r a "s*W. s -: S^S^r. i^rt,, 

integrations for th^^SSUiS 0 !. «• “ P ° S3lble ' 

was crucial that the Earth, Sun, Moon «uu 

Th e problem at hand^is a^estricted^-body^ro , 

gravitationally by the three ^Q^h^othe^three 1 " that It does not 

iS h-o„ inf Sns ei, SI °t «» <*«* ”S“i V the1^at!ois t S“oiio? of -bo 

motion. Thus, cn be integrated. Only tne h solar and lunar 

known and do not hav t Earth, are integrated. simon NewComb ‘ 

Observatory, relative to ^ analyt ic theories, th 



be 


. UlU Cl ^ a- f. a. . ( 

epoch" J2000.0 ( seized ‘i^Escobal (-} 

when co ^ p |^ e be t t r ue) . The first three recalculations . Solar 

^gawf-jsssi-a-. 

the orbit. 

Integration Methods 

= a 7th order Runge-Kutta-Felhbe) g 

The integrat Lon m ®hh°^ ^g^pont rol , integrating an Encice^formul at ion ^of 

method (5) with st p some experimentation P control to 

equations of motion. It too ^ tolerance level for bbe f?£ e equatio ns of 

produce ac cept abl^ results ^ a ^ a ^dlns-Bashforth r predictor-corrector integration 

««• accurate than the Range ut perturbations could y ■ . 

The integrations soon revealed that the ^unar *?L cicillations in the^oog.:. 

•<- "try isrge changea to th ^ ^ i ori.»t«jonot ^ 

and perigee altitudes^' CQuld be a3 large as 30 ,u ^ impaCt wH ‘ 

^fearl. Th«. oscillations .in sjom. • ««., h = inclination of the orb- — 

Earth thus ending the mission ^pr from the nominal^ 8. 5 ; it^ ^ t , £ 

can undergo lari 3® to 8 o° or more and then P^^ those normally encounter* 
some cases, increase to 80 much greate r than those norma , )i;h 

a few years. These n and the len gth of the miss the observatory 

in near Earth missLO pi thout re servicing ca P^ b b ^o more orbit control or 
greater than ^ JJ^° 5S for operations there would be no mor ^ had fco bp ,, ,, y 
was on-orbit jeady f P g ig only attitude con the orbit would 

orbit adjust capaoiiity ! « .i orbital orientation ^ 

careful in choosing the ^f 0 °" r \ bs life of the mission, 
evolve in an acceptable manne 

_ , , _ o* „ . irarth and Lunar 


it 
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Eclipse calculations! Earth and Lunar 
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S'KS 

of b the shadow and then went baok through tn occurr i ng on consecutive orbits. 

fekii !££ir^^ - 

3°or 5 ye«s betwoer, Lunar eclipses. 
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